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Elastic photon–photon scattering can occur in the Standard Model only via loop diagrams and is naturally
suppressed. Unparticle can induce tree-level photon–photon scattering through the operator Fμν Fμν OU
for spin-0 unparticle or Fμα Fαν O
μν
U for spin-2 unparticle. Due to the peculiar CP-conserving phase
exp(−idUπ) associated with the time-like unparticle propagator for non-integral scaling dimension dU ,
the interference effects of the s-channel amplitude with the t- and u-channels ones on the total cross
sections as well as the angular distributions are found to be of some signiﬁcance. We found that the
matrix-element squared is independent of whether we used the transverse form or the conformal form
for the spin-2 unparticle propagator. In addition, we show that the cross sections via unparticle exchange
can be substantially larger than the Standard Model contribution.
© 2008 Elsevier B.V. Open access under CC BY license.1. Introduction
Recently, Georgi [1] pointed out an interesting scenario for the
existence of a scale-invariant sector with a continuous mass distri-
bution. This scale invariant stuff was coined the term “unparticle”
to describe a possible scale-invariant hidden sector that ﬂows to
an infrared ﬁxed point as it scales down from a higher scale. The
scale-invariant sector may be weakly or strongly interacting but its
effects on the Standard Model (SM) is assumed to be weakly in-
teracting. In Georgi’s scheme [1], the hidden sector communicates
with the SM content via a messenger sector characterized by a
high mass scale M . At energy below M , one can integrate out the
messenger sector and ends up with effective operators suppressed
by inverse powers of M in the following form
1
MdSM+dUV−4
OSMOUV, (1)
where OSM and OUV represent local operators of the SM and hid-
den sector with scaling dimensions dSM and dUV, respectively. As
one scales down the theory from M , the hidden sector may ﬂow
to an infrared ﬁxed point at the scale ΛU , which is generated by
quantum effects via dimensional transmutation for example. At the
ﬁxed point the hidden sector becomes scale invariant, the above
operator (1) has to be replaced by a new set of operators of simi-
lar form
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Λ
dUV−dU
U
MdSM+dUV−4
OSMOU , (2)
where the unparticle operator OU with a scaling dimension dU
emerges and COU is the unknown coeﬃcient. Due to the un-
derlying theory is a scale invariant interacting theory, the scaling
dimension dU needs not having the canonical values of integer or
half-integer like the free boson or free fermion cases. For strongly
interacting theories, the scaling dimensions can differ signiﬁcantly
from their canonical values. Besides its scaling dimension, the
unparticle operator OU can be a scalar, vector, tensor, or even
spinor according to its representation of the homogeneous Lorentz
group.
Despite the scale invariant sector remains unspeciﬁed, the 2-
point function [1] and the Feynman propagator [2,3] of the un-
particle ﬁeld operator OU can be determined by scale invariance.
The normalization of the 2-point function of unparticle operator of
scaling dimension dU was ﬁxed by Georgi [1] to be the same as
the phase space of dU massless particles. Another peculiar feature
of the unparticle propagator is the phase factor exp(−idUπ) asso-
ciated only with time-like momenta. This CP-conserving phase has
been shown to have interesting interference effects at high energy
experiments [2,3] and other phenomenology.
In this work, we consider photon–photon scattering via unpar-
ticle exchanges. The SM contribution to photon–photon scattering
can only arise from loop diagrams with all charged particle run-
ning around the loop and thus is highly suppressed. It is antici-
pated that the cross section due to unparticle exchange can easily
surpass the SM cross section at high enough energies, because ex-
changes of unparticle are at the tree-level. Moreover, photon scat-
ters via unparticle exchanges in all s-, t-, and u-channels. The pe-
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for non-integral dU gives rise to interesting interference with the
t- and u-channel amplitudes. Similar effects had been studied in
the model of large extra dimensions [4] where no such phase fac-
tor was involved there.
Note that similar ideas for the spin-0 unparticle have been pur-
sued recently in Refs. [5,6]. However, our analytic results disagree
with Ref. [5]. We suspect that the phase factor exp(−idUπ) associ-
ated with the s-channel unparticle propagator was not taken care
of properly. Our results are consistent with Ref. [6] wherever we
overlap. In addition, we extend these previous calculations to the
spin-2 unparticle exchange, which is highly nontrivial. We calcu-
late the spin-2 scattering using the transverse propagator and also
the conformal propagator of Ref. [7]. It turns out that they make
no difference in the ﬁnal results.
The organization of the Letter is as follows. In the next sec-
tion, we give in details the scattering amplitudes for γ γ → γ γ via
spin-0 as well as spin-2 unparticle exchange. In Section 3, we com-
pare the unparticle contribution with the SM contribution in the
angular distribution and in the total cross section. The nontrivial
effects of the phase exp(−idUπ) of the s-channel unparticle prop-
agator are studied. For the spin-2 case, we also consider the effects
from the modiﬁcation of the unparticle propagator due to a confor-
mal ﬁeld theory [7]. However, we found that there is no changes
in the matrix element squared for the photon–photon scattering.
We conclude in Section 4.
2. Photon–photon scattering
The interaction of spin-0 unparticle U with the photon can be
parameterized by [1,3]
Leff  λ0 1
Λ
dU
U
Fμν F
μνOU , (3)
where λ0 is an unknown coeﬃcient of order O (1), and Fμν is the
ﬁeld strength of the photon ﬁeld. The scalar unparticle propagator
is [2,3]
ΔF
(
P2
)= ZdU (−P2)dU−2 with ZdU ≡ AdU2sin(dUπ) , (4)
where AdU is given by
AdU =
16π2
√
π
(2π)2dU
	(dU + 12 )
	(dU − 1)	(2dU ) . (5)
The peculiar phase associated with the propagator arises from the
negative sign in front of P2 in Eq. (4):
(−P2)dU−2 =
⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩
|P2|dU−2
if P2 is real and negative (space-like),
|P2|dU−2e−idUπ
for positive P2 (time-like) with
an inﬁnitesimal i0+.
(6)
Therefore, for non-integral dU , the s-channel propagator has the
nontrivial phase exp(−idUπ) while the t- and u-channel propaga-
tors do not.
There are three Feynman diagrams contributing to γ (p1)γ (p2) →
γ (k1)γ (k2) with the unparticle exchanges in s-, t-, and u-channels.
The sum of amplitudes for these three diagrams is given by
M= −16λ20 ZdU
1
Λ4U
(Ms +Mt +Mu)μνρσ
× ∗σ (k1)∗ρ(k2)ν(p1)μ(p2), (7)
whereMμνρσs =
( −s
Λ2U
)dU−2(−k1 · k2gρσ + kρ1 kσ2 )(−p1 · p2gμν + pμ1 pν2),
Mμνρσt =
( −t
Λ2U
)dU−2 (
k2 · p2gμρ − kμ2 pρ2
)(
k1 · p1gνσ − kν1 pσ1
)
,
Mμνρσu =
(−u
Λ2U
)dU−2 (
k2 · p1gνρ − kν2 pρ1
)(
k1 · p2gμσ − kμ1 pσ2
)
.
In the above amplitude, we can write the Mandelstam variables as
(−s)dU−2 = sdU−2e−idUπ , (−t)dU−2 = |t|dU−2,
(−u)dU−2 = |u|dU−2 (8)
such that the phase exp(−idUπ) associates manifestly with the s-
channel only. It is obvious that each channel is separately gauge
invariant. The square of the amplitude averaged over initial polar-
izations is given by
∑
|M|2 = 16λ
4
0 Z
2
dU
Λ
4dU
U
{
s2dU + |t|2dU + |u|2dU
+ cos(dUπ)
[(
s|t|)dU + (s|u|)dU ]+ (tu)dU }. (9)
If the phase factor cos(dUπ) were removed, the amplitude squared
would have been symmetric in s ↔ t ↔ u. Note that we have
written the Mandelstam variables as s, |t|, |u|, where |t| = s(1 −
cos θ)/2 and |u| = s(1 + cos θ)/2 and θ is the scattering angle in
the center-of-mass system of the two initial photons. The angular
distribution is given by
dσ
d cos θ
= 1
2
1
32π s
∑
|M|2
= λ
4
0 Z
2
dU
4πΛ4dUU
s2dU−1
{
1+
(
1− cos θ
2
)2dU
+
(
1+ cos θ
2
)2dU
+ cos(dUπ)
[(
1− cos θ
2
)dU
+
(
1+ cos θ
2
)dU ]
+
(
1− cos2 θ
4
)dU}
, (10)
where the range of integration for cos θ is from −1 to 1. The total
cross section can be obtained analytically in closed form by inte-
grating Eq. (10) over cos θ , viz.,
σ = λ
4
0 Z
2
dU
2πΛ4dUU
s2dU−1
{
1+ 2
2dU + 1 +
2cos(dUπ)
dU + 1
+
√
π
22dU+1
	(dU + 1)
	(dU + 3/2)
}
. (11)
The effective interaction of spin-2 tensor unparticle with the
photon is given by [1,3]
Leff  λ2 1
Λ
dU
U
Fμα F
α
νO
μν
U , (12)
where λ2 is an unknown effective coupling constant of order O (1).
The propagator for spin-2 unparticle takes the following form
[
ΔF
(
P2
)]μν,ρσ = ΔF (P2)Tμν,ρσ (P ) (13)
where ΔF (P2) is given by Eq. (4) and Tμν,ρσ (P ) denotes the
spin-sum. We adopt the same normalization as in the scalar case
designed by Georgi [1]. For a symmetric, transverse, and traceless
OμνU , the spin-sum T
μν,ρσ (P ) is given by [3]
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2
{
πμρ(P )πνσ (P ) + πμσ (P )πνρ(P )
− 2
3
πμν(P )πρσ (P )
}
(14)
with
πμν(P ) = −gμν + P
μPν
P2
. (15)
The forms of πμν(P ) and Tμν,ρσ (P ) are chosen such that
Pμπμν(P ) = 0, PμTμν,ρσ(P ) = 0, and Tμ,ρσμ (P ) = 0 = Tμν,ρρ(P ).
On the other hand, it was claimed that for a symmetric, traceless,
and conformal operator OμνU , the spin sum T
μν,ρσ (P ) should be
replaced by [7]
Tμν,ρσ (P )
= 1
2
{
gμρ gνσ + gνρ gμσ + c1gμν gρσ
+ c2
(
gμρ
Pν Pσ
P2
+ gμσ P
ν Pρ
P2
+ gνρ P
μPσ
P2
+ gνσ P
μPρ
P2
)
+ c3
(
gμν
Pρ Pσ
P2
+ gρσ P
μPν
P2
)
+ c4 P
μPν Pρ Pσ
(P2)2
}
, (16)
with the coeﬃcients
c1 = 4− dU (dU + 1)
2dU (dU − 1) , (17)
c2 = −2 (dU − 2)
dU
, (18)
c3 = 4 (dU − 2)
dU (dU − 1) , (19)
c4 = 8 (dU − 2)(dU − 3)
dU (dU − 1) . (20)
We note that for this spin-2 conformal operator, unitarity con-
straint requires dU  4 [8,9]. In the limit dU → 4 when the uni-
tarity bound is saturated [7], the above coeﬃcients reduce to c1 =
−2/3, c2 = −1, c3 = 2/3 and c4 = 4/3. Hence the spin-sum ex-
pression of Eq. (16) for the conformal case collapses into Eqs. (14)
and (15) as dU → 4. In our numerical work given in the next sec-
tion, we will relax the unitarity constraint imposed on the spin-2
tensor unparticle.
Using the Feynman rules for the spin-2 unparticle derived ear-
lier in [3], the matrix element squared for elastic photon–photon
scattering via spin-2 unparticle exchange is found to be
∑
|M|2 = λ
4
2 Z
2
dU
2Λ4dUU
{
s2dU−4
(
t4 + u4)+ |t|2dU−4(s4 + u4)
+ |u|2dU−4(s4 + t4)
+ 2cos(dUπ)sdU−2
[|t|dU−2u4 + |u|dU−2t4]
+ 2(tu)dU−2s4}. (21)
We have checked that the same matrix-element squared is ob-
tained irrespective of whichever spin-sum expressions for the
transverse unparticle propagator in Eqs. (14)–(15) or the confor-
mal propagator in Eq. (16) were used. As dU → 2, the above ex-
pression is proportional to (s4 + t4 + u4) which is the familiar
result [4] for the spin-2 Kaluza–Klein graviton exchange in the
large extra dimensions model. However, for non-integral dU the
s-channel unparticle exchange contains a CP-conserving phase fac-
tor exp(−idUπ) that does not share with the t- and u-channels.
Therefore, terms containing the factor cos(dUπ) in the expressions
of Eqs. (9) and (21) can give rise to interesting interference effects
between s- and t- and between s- and u-channels. This unique fea-
ture of the unparticle exchange contribution is not shared by the
contact interactions aforementioned.Fig. 1. Normalized angular distributions of γ γ → γ γ via spin-0 and spin-2 unpar-
ticle exchanges for various dU at
√
sγ γ = 0.5 TeV.
3. Results
In Fig. 1, we show the normalized angular distributions dσ/
d cos θ at
√
sγ γ = 0.5 TeV for spin-0 and spin-2 unparticle ex-
changes. Note that in the part for spin-0 the scale on the y-axis
is linear while that for spin-2 the scale is logarithmic. Therefore,
in general the spin-2 exchange will give much larger contributions
in the forward and backward regions. Another interesting feature is
that for spin-0 case when dU increases from 1.1 to 1.9 the distri-
bution is becoming more forward or backward. This is because the
factors of |t| and |u| only appear in the numerator, and so when
dU increases, more powers of |t| and |u| are contributing in the
forward and backward regions. On the other hand, for spin-2 case
more powers of |t| and |u| appear in the denominator as dU is
closer to 1. Thus, the distribution is much more forward or back-
ward for small dU . In fact, it diverges at |cos θ | = 1 for dU < 2. We
have also veriﬁed that the term containing the factor cos(dUπ) is
affecting the distribution. If there were no such a factor, the dis-
tribution would have been different, especially for small dU . This
demonstrates the effect of the peculiar phase associated with the
s-channel propagator only. If the phase were associated with all s-,
t-, and u-channels, its effect would have been canceled out when
we squared the amplitude.
In Fig. 2, we plot the integrated cross sections versus the
center-of-mass energy
√
sγ γ . We also show the expectation from
the SM, using the results of Ref. [10] with the form factors from
Ref. [11]. Since the SM cross section peaks in the forward and back-
ward directions, we impose an angular cut of |cos θγ | < cos(30◦)
294 C.-F. Chang et al. / Physics Letters B 664 (2008) 291–294Fig. 2. Total cross sections for γ γ → γ γ via (a) spin-0 and (b) spin-2 unparticle
exchange versus center-of-mass energy for various dU . The SM expectation is also
shown.
to reduce the SM cross section. It is easy to see that the unparticle
cross sections can surpass the SM one at high enough energy de-
pending on the spin and scaling dimension of the unparticle. The
factor containing cos(dUπ) also affects the total cross sections to
some extent, especially for small dU .
4. Conclusions
One of the most peculiar features of unparticle is the presence
of the phase factor exp(−idUπ) associated with the s-channelpropagator for non-integral dU . We have studied its effect in the
elastic photon–photon scattering, whose amplitude would have
been symmetric in s-, t-, and u-channels without the phase factor.
However, since the phase is only associated with the s-channel, its
effect will show up in the interference terms between s- and t-
and between s- and u-channels. The effect of such a phase fac-
tor affects the angular distribution and total cross section to some
signiﬁcance, especially for small dU . For the angular distribution,
we had demonstrated the phase effects are quite sensitive to the
spin of the unparticle operators especially in the forward and back-
ward directions. Another striking result we found is that whether
we used the transverse form or the conformal form for the un-
particle propagator does not affect the unpolarized matrix-element
squared of photon–photon scattering. We have also shown that the
scattering cross sections due to unparticle exchanges easily sur-
pass the SM contribution. Thus, the possibility of studying photon
scattering in the future linear collider, using either laser backscat-
tering technique or bremsstrahlung, is important to test the ex-
istence of any tree-level photon–photon scattering. Unparticle is
a unique example that allows tree-level exchange and contains a
special CP-conserving phase factor exp(−idUπ) solely in its time-
like propagator to facilitate interesting interference effects.
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